T hromboembolism in atrial fibrillation is a major cause of stroke.
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T hromboembolism in atrial fibrillation is a major cause of stroke. 1 Oral anticoagulation (OAC) with the vitamin K antagonist warfarin or one of the new direct oral anticoagulants (nOAC) is highly effective for stroke prevention in atrial fibrillation. [2] [3] [4] [5] The most severe complication of long-term anticoagulation is intracranial hemorrhage. Indeed, intracerebral hemorrhage (ICH) during therapy with vitamin K antagonist is responsible for 88% of all hemorrhage-associated deaths caused by anticoagulation. 6 Moreover, vitamin K antagonistassociated ICH expands more frequently and over a longer time period than spontaneous ICH. [7] [8] [9] To prevent hematoma expansion-a major therapeutic goal in ICH therapyreplacement of coagulation factors is recommended. 10 Although nOAC appear to carry a substantially lower risk of ICH compared with warfarin, [3] [4] [5] ICH during nOAC therapy remains a life-threatening complication. Currently, no specific antidote is available, and the effect of administering hemostatic coagulation factors is dubious. 11, 12 Recently, an experimental murine model of ICH during OAC has been established in which ICH is induced by injection of collagenase into the striatum during anticoagulation. 13, 14 This model shows early hematoma expansion exceeding that of nonanticoagulated mice, during anticoagulation with either warfarin or a high dose of the direct thrombin inhibitor dabigatran. [13] [14] [15] Excess hematoma expansion in this model could be prevented most effectively by infusing prothrombin complex concentrate (PCC), whereas the effect of recombinant human factor factor VIIa (FVIIa) and fresh frozen plasma (FFP) was less consistent. 15, 16 Rivaroxaban is another nOAC that directly inhibits the central coagulation factor Xa. Its widespread clinical use beyond stroke prevention in atrial fibrillation is expected because it has been proven effective and safe for additional indications, including acute coronary syndrome and venous thromboembolism. 17, 18 So far, no specific antidote for rivaroxaban is available, and the efficacy of hemostatic factors in the setting of ICH is unknown.
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growth caused by anticoagulation. We also aimed to evaluate coagulation tests for monitoring of reversal of anticoagulation with rivaroxaban.
Material and Methods
The study was conducted in accordance with national and international guidelines for the use of experimental animals. The protocols were approved by the local and governmental committees for animal care and use (Regierungspraesidium Karlsruhe, Germany). In the present work, 378 sexually mature male mice were used (C57BL/6, Charles River Laboratories, 10-12 weeks of age, body weight 22-26 g).
Establishing Effective Systemic Anticoagulation With Rivaroxaban in Mice
Rivaroxaban (BAY 59-7939, Bayer HealthCare AG, Wuppertal, Germany) was dissolved in a vehicle solution containing 10% ethanol, 40% Solutol HS 15 (Sigma, Germany), and 50% water for injection. Different doses of rivaroxaban (3, 10, 30 mg/kg) were administrated by gastric gavage. The plasma concentration and prothrombin time (PT) were measured before, 30 minutes, 1 hour, 2 hours, and 4 hours after rivaroxaban administration to evaluate the effects on the systemic coagulation (n=3/dose and time point). The nonanticoagulated controls received vehicle solution (10 mL/kg) only. Rivaroxaban plasma concentrations were determined using a highperformance liquid chromatography system, similarly as described (see the online-only Data Supplementary methods). 19 PT was assessed in the same mice, which were involved in plasma concentration determination, as described (see the online-only Data Supplementary methods). 20 In separate mice anticoagulated with 30 mg/kg rivaroxaban, the activities of factors II, VII, IX, X, and Protein C and S were measured in the central laboratory of the University Heidelberg (see the onlineonly Data Supplementary methods).
Model of ICH Associated With Rivaroxaban
Because 30 mg/kg rivaroxaban led to systemic anticoagulation that results in 2-to 3-fold prolongation of PT compared with baseline value for more than 4 hours, we chose this dose in the further experiments to compare with the 20 mg and even higher dose given in clinical studies. 4, 21 Mice were anticoagulated with 30 mg/kg rivaroxaban per os 1 hour before intrastriatal injection of 0.5 µL of saline containing either 0.030 U, 0.045 U, 0.060 U, or 0.075 U collagenase type VII (Sigma, Germany) to induce hematoma (see the online-only Data Supplementary methods).
Twenty-four hours after ICH induction, hematoma size in surviving mice was measured by a rater, who was blind to the group allocation, as previously described.
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Effect of Hemostatic Agents on Hematoma Size
In mice pretreated with 30 mg/kg rivaroxaban, the effect of different hemostatic agents on intracerebral hematoma volume was studied. Mice were randomly allocated to 1 of 5 groups: (1) nonanticoagulated control, (2) mice anticoagulated with rivaroxaban, (3) anticoagulated mice receiving PCC (Beriplex P/N 500, 100 U/kg, CSL Behring, Germany), (4) FFP (200 µL, produced by centrifugation of fresh murine blood in EDTA-coated tube at 1500 rpm for 10 minutes, as described), 16 and (5) recombinant FVIIa (Novo Seven, 1 mg/kg, NovoNordisk, Denmark). Groups 1 and 2 received 200 µL saline via the left femoral vein over 5 minutes to match the infused volume of 200 µL for groups 3 to 5 receiving hemostatic/coagulation factors. Saline and hemostatic factors, respectively, were injected 30 minutes after striatal collagenase injection (0.060 U) because the majority of hematoma expansion takes place within the first 1 to 3 hours in this model. 14, 15 Efficiency of the hemostatic agents was assessed by measuring hematoma volume on cryosections and blood content in the hemorrhagic hemisphere using hemoglobin spectrophotometry (see the online-only Data Supplemental methods) 24 hours after ICH induction.
Dose-Dependency of Reversal of Anticoagulation by PCC
Additional experiments were performed in anticoagulated mice, in which the effect of lower doses of PCC (25 and 50 U/kg, respectively) on hematoma volume and neurological deficits were examined. ICHinduction in anticoagulated animals was followed by intravenous injection of PCC (see above). Twenty-four hours later, the neurological deficit was assessed by an examiner, who was blind to the group assignment using the corner test, as described (see the online-only Data Supplemental methods). 22 To minimize the influence of the surgical procedure on the behavioral performance, sham controls (n=4) were also measured which had been operated according to the same surgical protocol, but without receiving either collagenase or PCC. After neurological assessment, mice were euthanized to assess the effect of the different PCC doses on intracerebral hematoma.
Effect of Hemostatic Factors in Assays Assessing Systemic Coagulation
The reversal effect of the different hemostatic agents induced by 30 mg/kg rivaroxaban on the systemic coagulation was assessed using the same in vitro assays as above (in separate animals, n=5/group). The effect of the hemostatic therapies was measured 90 minutes after administration of rivaroxaban and 30 minutes after administration of hemostatic agents, respectively. We measured the plasma concentration, PT, and the plasma activities of the coagulation factors II, VII, IX, X, and Protein C and S.
Statistical Analysis
All values are expressed as mean±SD. Mean values were compared using Student t test for comparison between 2 groups and ANOVA with post hoc Bonferroni test for multiple-group comparisons. The correlation analysis between hematoma volume and hemoglobin spectrophotometry, and with the corner test, respectively, was performed using Pearson correlation test. All analyses were performed using SPSS 13.0 software. A probability value of <0.05 was considered as statistically significant.
Results
Systemic Anticoagulation Induced by Different Doses of Rivaroxaban
Rivaroxaban plasma concentrations reached their peak already 1 hour after gastric gavage in all dose groups and were not detectable at 4 hours in the 3 mg/kg and 10 mg/kg groups. In the 30 mg/kg group, a mean peak plasma level of 0.88±0.05 µL/mL was measured at 1 hour and a level of 0.39±0.14 µg/ mL at 4 hours ( Figure 1A) .
PT was substantially prolonged at 1 hour after oral administration in all 3 dose groups and gradually approached the normal range (nonanticoagulated controls: 16.4±6.4 seconds) within 4 hours in the 3 mg/kg and 10 mg/kg groups. In contrast, the 30 mg/kg group still showed a prolonged PT (35.4±4.1 seconds) at 4 hours ( Figure 1B ).
Effect of Rivaroxaban on Hematoma Volume Depends on Collagenase Dose
In the subsequent experiments, we chose 30 mg/kg rivaroxaban as our working dose to assure persistent effective anticoagulation during the 24-hour experimental period. Figure 3C ).The blood content in the hemorrhagic hemispheres as assessed by hemoglobin spectrophotometry correlated linearly with the hematoma volumetry on cryosections (the online-only Data Supplemental Figure I ).
Prevention of Excess Hematoma Expansion by PCC Is Dose-Dependent
We decided to study the effect of PCC in more detail because it is immediately available in the emergency situation in patients, can be rapidly infused over minutes, and causes less thromboembolic complications than FVIIa. 23 Figure 4B ).
Effect of Hemostatic Agents on the Systemic Coagulopathy Associated With Rivaroxaban Was Assessed Using In Vitro Assays
As expected, intravenous administration of hemostatic agents had no significant influence on the plasma concentration of rivaroxaban ( Figure 5B) . Compared with the PT of anticoagulated and nonanticoagulated controls (38.6±5.5 seconds and 14.6±2.5 seconds, respectively), none of the hemostatic factors normalized the PT. Indeed, 1 mg/kg of FVIIa was the only agent that significantly reduced the PT compared with anticoagulated mice not receiving any hemostatic factor (FVIIa: 28.1±1.8 seconds; P<0.05; FFP: 35.7±5.0 seconds and PCC: 40.7±5.1 seconds; P>0.05; Figure 5C ).
In addition, we measured the plasma activities of various coagulation factors. Compared with the values of nonanticoagulated controls, anticoagulation with 30 mg/ kg rivaroxaban reduced the coagulant activity of FII by 34% and FX by 40%, respectively, in anticoagulated mice. Administrating any 1 of the 3 hemostatic agents corrected the factor-deficiency after anticoagulation. Moreover, FVIIa increased the FVII-coagulant activity at least 2-fold above normal, FFP elevated the activities of Protein C and S 3-fold, and PCC increased the plasma activities of all factors, except FVII, 2-to 8-fold ( Figure 5D ).
Discussion
The present study yielded 4 major new findings: (1) A murine model of OAC-ICH associated with rivaroxaban was established based on previous OAC-ICH models. The murine OAC-ICH model in the present study is based on the widely used ICH model induced by intrastriatal injection of collagenase, 24 and is a modification of the previously established experimental models of OAC-ICH associated with warfarin or dabigatran. [13] [14] [15] In these models, hematoma enlargement beyond that occurring in nonanticoagulated animals can be induced by oral anticoagulants allowing to study preventive reversal strategies. Prevention of hematoma expansion is an important early therapeutic goal in ICH because hematoma volume is a major prognostic factor in ICH. 25 Effective systemic anticoagulation after oral administration of a single dose of rivaroxaban was verified using well-established in vitro coagulation assays. The 30 mg/kg rivaroxaban resulted in high peak plasma concentrations exceeding those of patients in the ROCKET-AF trial 3-to 4-fold. 4 Moreover, peak plasma concentrations were reached faster in anticoagulated mice (30-60 minutes) compared with patients (3 hours). 26 The rivaroxaban dose examined in the present study also prolonged the PT 2-to 3-fold compared with nonanticoagulated control mice for at least 4 hours.
Similar to previous studies in dabigatran, 15 ,27 a high dose of rivaroxaban was necessary to induce hematoma enlargement exceeding that of nonanticoagulated mice. In contrast, dosing of warfarin resulting in the therapeutic international normalized ratio range of 2 to 3.5 in humans suffices to enlarge the intracerebral hematoma in this model. 13, 14 Although both warfarin and new OAC result in effective systemic anticoagulation in patients, in this model, there is a striking discrepancy regarding the effect on intracranial bleeding. [3] [4] [5] The mechanisms underlying the lower incidence of ICH in patients as well as the particularly high dose of rivaroxaban necessary for hematoma enlargement in the present experimental study remain to be elucidated.
The absence of a specific antidote is a major concern in case of severe hemorrhage during anticoagulation with nOAC. 11, 12 The main purpose of our study was to identify an appropriate strategy to prevent hematoma enlargement in case of ICH. All tested hemostatic agents prevented the excess intracerebral hematoma expansion induced by anticoagulation effectively. Comparison of 100 U/kg with 50 U/kg and 25 U/kg PCC showed similar or only slightly less efficacy of lower doses, in accordance with our previous study in experimental ICH associated with dabigatran. 15 Prevention of hematoma enlargement was paralleled by a better neurological outcome.
Monitoring the effectiveness of reversal of anticoagulation would be desirable in patients with life-threatening or critical organ bleeding. 28 In the present study, effectiveness of prevention of excess intracerebral hematoma enlargement was only variably mirrored in the effect of hemostatic factors on the coagulation assays. Interestingly, despite increasing the activities of FII, IX, X, and Protein C and S, PCC failed to reduce the prolongation of the PT induced by rivaroxaban. In contrast, Eerenberg and colleagues 29 reported recently the rapid and complete reversal of the effect of rivaroxaban on the PT after administration of 50 U/kg PCC (Cofact). However, in this study, the PT was only slightly prolonged after anticoagulation with rivaroxaban. In our study, PT was assessed using Neoplastine Plus, which has been shown to be the most sensitive thromboplastin reagent of PT for monitoring anticoagulation with rivaroxaban. 30 We found a 2-to 3-fold prolongation of PT in the anticoagulated mice, which is consistent with previous findings in rats and baboons. 31, 32 Considering the higher plasma 
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concentration of rivaroxaban in our anticoagulated mice and different sensitivities of the applied PT reagents among studies, a direct comparison is difficult. 33 An alternative explanation is that the activation status of coagulation factors affects in vitro coagulation tests. PCC contains human FII, VII, IX, X in an inactivated form. Agents containing activated FVII (eg, rFVIIa, Novo Seven; aPCC, FEIBA) accelerate the generation of FII, and therefore exhibit a more pronounced effect on the correction of prolonged PT. 31, 32, 34 In essence, our findings support the notion that monitoring of the reversal of anticoagulation using standard coagulation assays such as the PT to predict the effect on remote critical organ bleeding is complex and potentially misleading. 35 Our study has several limitations. First, we examined only a single high dose instead of repetitive longer term administration of rivaroxaban. However, the single dose of rivaroxaban produced a profound anticoagulatory effect during the experimental period. Second, considering that the blood volume required for arterial blood gases is great enough to induce hypovolemia in mice, 36 we only monitored rectal body temperature during and after surgical procedures. Third, FVIIa has been shown to attenuate hematoma enlargement in collagenase-induced ICH, and therefore we could not exclude the direct inhibitory effect of coagulation factors on the collagenase enzymatic activity. 37 Finally, our study was not designed to understand the mechanisms underlying the lower incidence of ICH associated with rivaroxaban compared with ICH during warfarin therapy. The high dose of rivaroxaban required to enlarge the hematoma may suggest a lower risk of this complication during anticoagulation with new OAC.
In conclusion, administration of any of the hemostatic agents PCC, FFP, or FVIIa can prevent excess hematoma enlargement in a murine OAC-ICH model associated with rivaroxaban. Because the pathophysiology of ICH in patients is only partially reflected in current experimental ICH models, the efficacy and safety of this strategy must be further evaluated in the clinical setting. 
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